A clone of baby rabbit kidney cells transformed with SV 4o virus was found to be releasing virus at the rate of about I infectious unit per Io 4 cells per day. Virus antigen was detected in between ~ in Io 3 and I in iOcells. In situ hybridization with radioactive SV 4o complementary RNA revealed that about 3 ~o of the transformed cells were producing virus DNA. When the transformed cells were fused with permissive cells and incubated in anti-SV 4o serum between 2 ~ and 8 ~ of the heterokaryons formed produced SV 40 virus. A model is proposed according to which the cells in this clone, and possibly other transformed clones, may exist in one of three states: (A) the commonest state, in which virus DNA is not replicable autonomously; (B) a state in which virus DNA can be replicated autonomously, but late virus proteins are not made; and (C) a state in which complete virus can be synthesized.
INTRODUCTION
Rabbit cells appear to be semi-permissive for SV 40 virus. Black & Rowe (I963) found that SV 4o virus could be recovered from the culture fluid throughout the maintenance of primary cultures transformed with the virus, but was not readily detected after many repeated passages. Gerber 0963) found that rabbit kidney cells did not support growth of virus after infection with intact virus particles, but gave low yields after infection with virus DNA. Schell (~968) studied a transformed clone of rabbit kidney cells by mixed culture with permissive cells, and concluded that his results were consistent with the view that each transformed cell contained SV 4o in a repressed state, and that ultimately it, or its progeny, would release infectious SV 4o virus. An alternative model, of course, would be that many or all cells were synthesizing virus DNA, but that the transition to production of complete virus occurred at a low rate. It seemed likely that the techniques of cell fusion by inactivated Sendai virus (Harris & Watkins, I965) and of in situ hybridization (Gall & Pardue, I969) with SV 4o complementary RNA might elucidate the events occurring in SV 4o transformed rabbit cells, and ~nable a comparison to be made of the state of the virus in these cells and transformed non-permissive cells, such as SV3T3, from which virus can be recovered only by fusion with permissive cells (Watkins & Dulbecco, I967) .
METHODS

Virus and cells.
A small plaque strain of SV 4o virus obtained from Dr R. Dulbecco was used. It was propagated in a line of African green monkey kidney cells (CV r) obtained from Dr J. Sambrook, Cold Spring Harbor, U.S.A.
Medium. All cells were grown and all experiments carried out in minimal Eagle's medium containing IO ~ (v/v) foetal calf serum.
Transformation of rabbit cells. This was essentially as described by Schell & Maryak (I966) . A I-day-old monolayer of primary baby rabbit kidney cells was inoculated with SV 4o virus at an input multiplicity of about IO p.f.u./cell. After 2 weeks incubation at 37 °C about I ~ of the cells were T-antigen positive (Pope & Rowe, I964) ; 2 weeks later the cultures showed several foci of epithelioid cells resembling the transformed cells described by Scbell & Maryak (I966) . The cultures were carried from flask to flask for another month, at which time a single colony of transformed phenotype (the only one in the culture flask) was picked and propagated to be used for the studies described in this paper. This clone is designated as SVBRK throughout this paper.
Virus titration. This was performed on coverslip cultures of CV I cells as described elsewhere (Watkins, 197o) . Twenty #1 of virus suspension in cell culture medium were inoculated on to three coverslips I cm z in area carrying a confluent monolayer of CV I cells (about 5 × lO4 cells), in a plastic Petri dish 3o mm in diam. After incubation at 37 °C for I h z ml of medium were added, and incubation at 37 °C continued for a further 48 h, when the coverslip cultures were fixed and stained with Giemsa stain and examined microscopically for nuclei showing the characteristic changes of SV 4o infection. The mean number of such nuclei per coverslip multiplied by 5o gave an estimate of the infectivity of a suspension expressed in infectious units (i.u.) per ml.
Cell fusion. Cell fusion for the production of heterokaryons was carried out using Sendai virus inactivated by u.v. light as described fully elsewhere (Watkins, I972) .
Antisera. High-titre rabbit antiserum to SV 4 ° virus was obtained from Grand Island Biological Company, Grand Island, New York, and was used for the detection of 'V' antigen and for the cell fusion experiments. When tested against several lines of transformed cells this serum failed to react with SV 4o 'T' antigen. Hamster anti-T antiserum was obtained from a Syrian hamster carrying an SV 4o-induced hamster tumour obtained from Flow Laboratories, Irvine, Scotland. Fluorescein-labelled goat anti-rabbit-globulin serum and fluorescein-labelled swine anti-hamster-globulin serum were obtained from Nordic Pharmaceuticals and Diagnostics, Tilburg, The Netherlands.
Fluorescence microscopy. Coverslip cultures were fixed in methanol:acetic acid (7: 3, v/v) for detection of V antigen, or acetone, for T antigen. Rabbit antiserum was applied for 3o min at 37 °C, followed by fluorescent goat antiserum to rabbit globulin for 3o min at 37 °C. The coverslips were washed in distilled water and mounted in 5o ~ (v/v) glycerol saline. Microscopy was carried out on a Leitz Ortholux microscope using a 3 mm BG I2 blue filter and u.v. lamp to provide excitatory illumination at 3250 to 5000 ~, combined with a K 53o yellow filter.
Preparation Virogenic SV 4o-transformed rabbit line 7I Dunn & Jones (I972) for the hybridization of adenovirus DNA and RNA, with the following modifications. Cultures of cells on glass coverslips I cm 2 in area were fixed in methanolacetic acid (I : I, v/v), and the DNA was denatured by o.z N-HC1 for 2o min; 5 #1 of complementary RNA diluted in 5×SSC (SSC = oq5 M-NaCl-o'oI5M-sodium citrate) to have an activity of about Ios d/min/#l was placed on the bottom of a flat glass Petri dish and the dried coverslip inverted on to it. The dish was incubated at 65 °C for 5 h in a moist atmosphere. The coverslip was washed three times in z × SSC, treated for 3o min at 37 °C with bovine pancreatic ribonuclease 4 × crystallized (BDH Chemicals Ltd., Poole, England) at a concentration of i.o mg/ml in 2 x SSC, washed again in 2 × SSC, dried with ethyl alcohol and attached to a slide with XAM mountant (G. T. Gurr, England). The slides were dipped in Ilford K 5 emulsion, exposed for 9 weeks, then developed in Kodak D I9B developer and stained with Giemsa stain. The relative sizes of nuclei in the autoradiographs were determined using a Leitz 'Ortholux' microscope fitted with a Leitz drawing attachment. The outlines of Ioo nuclei were traced on thin card using a magnification of I5oo ×. The tracing of each nucleus was cut out and weighed.
[6-3H]-thymidine was obtained from the Radiochemical Centre, Amersham, England.
It had a specific activity of 27 Ci/m-mol (I r2 mCi/mg), and was supplied at a radioactive concentration of I-o mCi/ml. Autoradiography of coverslip cultures for incorporation of [3H]-thymidine was carried out as described above on cultures which had been fixed in methanol, extracted for I h with 5 ~ (w/v) trichloracetic acid at 4 °C, washed in saline and dried in ethanol. Autoradiographs were exposed for 3 or 4 days at 4 °C.
Metabolic inhibitors. Mitomycin C was obtained from Sigma Chemical Company, St
Louis, Missouri, U.S.A. 5-iodo-z'-deoxyuridine (IUdR) was obtained from Koch-Light Laboratories, Colnbrook, England.
Giemsa staining. Coverslip cultures were stained with Giemsa stain (G. T. Gurr, England) as described elsewhere (Watkins, i972 ) .
Chromosome preparations. These were made as described elsewhere (Watkins, 1972 ) .
RESULTS
Characteristics of the transformed clone
The cells were of epithelial type and showed disorderly growth and loss of contact inhibition (Fig. I) . The nucIei showed considerable polymorphism, with a wide range of sizes and frequent irregular forms. MultinucIeated cells were common. Ioo per cent of nuclei contained SV 4o 'T' antigen when examined by fluorescence microscopy (Pope & Rowe, I964) . Occasional nuclei, of the order of I ~, showed inclusions of the type illustrated in Fig. 2 ; each inclusion consisted of a central mass staining reddish purple in Giemsa stain, that is, the same colour as DNA, separated from the rest of the nucleoplasm by a lightly stained ring. Nuclei with this appearance contained between 2 and Io such inclusions. The appearances were consistent with a focus of nucleoprotein separated from the main mass of cellular nucleoprotein by shrinkage during fixation. Coverslip cultures incubated for 48 h in medium containing I #Ci/ml of [6-aH]-thymidine showed, on autoradiography, about I ~ of nuclei with a focal uptake of label (Fig. 3) , an appearance not seen in untransformed cells. This suggested that the inclusions might be the site of DNA synthesis, and, furthermore, that when DNA synthesis was occurring in the foci it was suppressed in the rest of the nucleoplasm. In spite of the great variation in nuclear sizes the karyotype of the SVBRK cells showed a sharp mode at 44 chromosomes, the normal number for the rabbit, with occasional tetraploid and aneuploid cells.
Fluorescence microscopy for the presence of SV 4o capsid (V) antigen showed, in repeated examinations at different times, that between o.oi2 ~o and o'o32 ~ of the cells were positive. Positive nuclei were usually much larger than the surrounding negative nuclei, and were frequently of bizarre shape. No increase in the proportion of positive nuclei was seen in experiments in which cells were exposed to input multiplicities of about ten SV 4o infectious units and examined 2 or 3 days later. As judged by their capacity to make virus capsid antigen the cells were therefore resistant to superinfection with SV 4o virus.
Recovery of infectious SV 40 virus
Very small amounts of virus were released by the cells. For example, a plastic bottle containing a monolayer of z × Io 6 cells was washed several times in saline and 5 ml of fresh medium was added to the cells. The bottle was incubated for 48 h at 37 °C, then cells and medium were frozen and thawed and after sedimentation the supernatant fluid was assayed for SV 4o virus. No virus was detected, which, given the sensitivity of the titration method, means that less than lOO infectious units were recovered from the combined cells and medium. A similar experiment, in which 2 × ~o 7 cells were incubated for 8 days in 20 ml of medium without further medium change, gave a yield of 9"2 x ~o 4 infectious units.
Co-cultivation experiments were carried out in order to determine the proportion of cells releasing virus. In one such experiment ro e CV I cells and ro e SVBRK cells were mixed and inoculated into a 60 m m Petri dish containing I2 coverslips I cm in diam. and 4 ml of medium. Two coverslips were stained by Giemsa stain each day, and examined for CV I nuclei with the characteristic appearances of productive SV 40 infection, which appear 2 days after infection (Watkins, 197o) . After z days incubation no positive CV I nuclei were seen. After 3 days one I:ositive CV I nucleus was seen on one coverslip and none on the other. After 5 days eight positive nuclei were seen on one coverslip and three on the other. Since each coverslip had about 5 x Io 4 cells of each type, and all were in close contact, the results mean that during the first day of co-cultivation about one transformed cell in 5 × I o~ released sufficient virus to infect a neighbouring permissive cell, and by the third day about five cells had released virus.
When lO s SVBRK cells were fused with Io 6 CV I cells by u.v. inactivated Sendai virus, allowed to settle on coverslips, and incubated overnight, heterokaryons were easily recognized on Giemsa staining (Fig. 4) . When suspensions of either parent were fused in the absence of the other the multinucleated cells contained nuclei of only one type. Heterokaryons producing SV 4 ° virus were recognized by the same criteria as used previously in fusion experiments with SV 4o-transformed mouse cells (Watkins, 197o ) . These criteria include enlargement of nuclei, loss of normal granular appearance of the nucleoplasm and its replacement by a homogeneously staining material, and the appearance of a poorly stained halo between the nucleoplasm and the nuclear membrane (Fig. 4) . Cells with this appearance showed positive staining for V antigen and on incubation for 7 days under methylcellulose medium were seen at the centre of microplaques (Watkins, 197o ) . In some J. F. WATKINS of the positive heterokaryons some of the nuclei had a vacuolated appearance with reddishpurple staining material inside the vacuoles (Fig. 4c) , which resembled the inclusions described above (Fig. 2) . The percentage of positive heterokaryons in a preparation could be readily determined by these cytological appearances. The results set out in Table ~ show that if the SVBRK cells were not incubated in anti-SV 4o serum before or after fusion as 7"7 I7'4 --I8"0 2 Yes 2.I 5"0 5"7 3"I 3"3 3 Yes o.6 3'4 8"5 7"2 5"5 --3'8 4
Yes o'3 z.8 4"3 4'9 --2.z o.8 Means (2, 3, 4 only) 1.o 3'7 6.1 5"1 5"5 z.2 2-6 of incubation after fusion. Many positive heterokaryons showed the positive appearances as early as one day after fusion, whereas permissive cells infected with SV 4o do not show these changes for z days after infection (Watkins, I97O) and heterokaryons formed of transformed mouse cells and permissive cells did not show the changes until four days after fusion (Watkins & Dulbecco, I967) .
Attempted chemical induction of virus
It has been found that 5-iodo-2'-deoxyuridine (IUdR) will induce a state of 'detectability' in mouse cells transformed by SV 4o (Watkins, 197o) . Incubation of SVBRK cells in IOO #g/ ml of IUdR for 24 h before fusion did not result in an increase in the percentage of SV 4o-positive heterokaryons. Incubation in IUdR mo/zg/ml for 24 h followed by incubation in medium without IUdR for ~, z or 3 days before testing did not produce an increase in the proportion of cells in which SV 4o V antigen could be detected.
No increase in infectious virus recoverable by freezing and thawing cells and medium was obtained in cells exposed to doses of mitomycin C from o.I to Io/zg/ml for periods between 4 and 24 h then incubated in the absence of mitomycin C for 24 or 48 h before virus assay. However, in an experiment in which coverslip cultures were grown in medium containing IO/zg/ml of mitomycin C for 5 h at 37 °C, then incubated without mitomycin for 3 days at 37 °C, 
In situ hybridization with SV 4o cRNA
No labelling occurred when SV 4o complementary RNA was incubated with uninfected CV I cells or untransformed rabbit fibroblasts.
Clear hybridization occurred to the nuclei of CV I cells which had been infected with a dose of SV 4o designed to infect about 5o ~ of the cells and incubated for 48 h before hybridization (Fig. 5) . In four separate coverslip cultures the percentages of cells showing intranuclear labelling were 6I ~, 64 ~, 63 ~o and 67 ~. The grains in all positive nuclei were evenly distributed over the nucleus. Nearly Ioo ~ of the positive nuclei had less than ~oo grains; the smallest number of grains over a positive nucleus was I9, after subtraction of the background count of grains over a comparable area (Fig. 6) . Positive nuclei were between 2 and 4 times as large as negative nuclei; the sizes of the latter were measured on the uninfected control culture. The nuclei of parallel infected cultures showed strong fluorescence at 48 h when tested for virus capsid antigen. In four separate coverslip cultures of SVBRK cells well-defined hybridization was seen in 3"9 ~, 3"1 ~, 2-6 ~ and t-4 ~ of nuclei (Fig. 5) . The grain counts, after subtraction of the background count in a neighbouring comparable area, were higher than those seen in the lytically infected CV I cells, in that about 50 ~ of nuclei had more than ~oo grains (Fig. 6) . About half the nuclei were within the same size range as negative nuclei; the rest were between 2 and 4 times as large. The grain densities over 50 positive nuclei were plotted against the sizes of the nuclei (Fig. 7) -There was a significant negative correlation between the size of the nuclei and the grain density indicating that SV 4o DNA synthesis did not (r = -o'3866; t = 2'904; P = < o.oI.)
keep pace with nuclear enlargement. In contrast to the lytically infected cells, the hybridization in 79 ~ of the positive SVBRK cells showed a distinct focal arrangement (Fig. 5) .
The distribution of numbers of foci is plotted in Fig. 8 Incubation of SVBRK cells, after fixation in methanol, with bovine pancreatic ribonuclease at a concentration of I mg/ml in SSC before acid treatment and application of complementary RNA had no effect on hybridization. In experiments in which the acid denaturation step was omitted, no hybridization was seen. It is therefore highly improbable that hybridization was occurring to SV 4o messenger RNA.
DISCUSSION
Complementary SV 4o RNA prepared in the same way as that used in the in situ hybridization experiments has previously been shown by hybridization on nitro-cellulose filters to be highly specific for SV 40 DNA, and to fail to bind to cellular DNA or polyoma virus DNA (Westphal & Dulbecco, 1968) . This, coupled with the failure of the complementary RNA to bind to uninfected or untransformed cells, and its binding to nuclei after ribonuclease treatment, makes it virtually impossible to accept any explanation for the observed labelling other than the binding of the RNA to intranuclear SV 40 DNA. Therefore approximately 3 ~ of the SVBRK nuclei contained SV 40 DNA in amounts at least equal to that present in lyrically infected cells 48 h after infection. Since lOO ~ of lytically infected cells show the presence of V antigen in large amounts 48 h after infection, and only about 0"02 ~/o of SVBRK cells (that is, about o'7 ~ of the cells showing in situ hybridization) contained V antigen, the conclusion seems inescapable that in about 3 ~ of the transformed cells virus DNA synthesis had proceeded to its limit without any accompanying synthesis of virus capsid proteins. If the reasonable proposition is accepted that the small number of SVBRK cells showing V antigen is a subset of those showing SV 4o DNA synthesis, then two separate events are involved in the production of virus by these cells: the first enabling cells to synthesize SV 4o DNA, and the second, in about I ~ of those synthesizing DNA, enabling the expression of SV 4o late functions.
The similarity between the proportions of SVBRK cells showing in situ hybridization and the proportion of heterokaryons showing evidence of SV 4o growth suggests that the SVBRK cells which gave rise to virus in heterokaryons were those which were synthesizing virus DNA before fusion, and, since the proportion of positive heterokaryons did not increase with time, that it is only these cells which could produce virus in a heterokaryon. This view is supported by the very early onset of nuclear changes characteristic of SV 4o growth in heterokaryons. On this model the permissive cell component of a heterokaryon simply supplies the milieu in which the late functions of the replicating SV 4 o virus DNA can be expressed; it has no ability to induce the transition of non-replicating SV 4o DNA in SVBRK cells to a state in which it can be replicated. In the cells synthesizing SV 4o DNA (and those which yield virus on fusion) the production of virus DNA cannot be due to superinfection by virus released from the rare cells which express all the virus functions, since the proportion yielding virus on fusion remained about 3 ~ even when the SVBRK cells were incubated for over two weeks in anti-SV 40 serum. If the cells synthesizing virus DNA and those which yield virus on fusion are not the same then the virus DNA which is being synthesized in unfused cells must be defective, and fusion must induce the production of non-defective virus DNA in about 3 ~ of the other SVBRK cells; this possibility is highly unlikely.
The focal distribution of grains in most of the SVBRK cells showing in situ hybridization is of interest. Similar foci have been seen in human embryo kidney cells I2 h after infection with adenovirus type 2 or IZ at an input multiplicity of 2o to 5o p.f.u./cell (Dunn et al. I973) , when each focus presumably represented the site of replication of a distinct adenovirus particle. This suggests the possibility that each focus in the SVBRK cells may be the site of activation of a distinct SV 4o genome.
The simplest explanation for these results would be that SVBRK cells are able to replicate SV 4o DNA provided that it is in a suitable state. In 97 ~ of the cells the virus DNA may be in a state (state A) in which it cannot be replicated either by the SVBRK cells or by any machinery supplied by the permissive component of a heterokaryon; in 3 ~ of the cells a transition of virus DNA has occurred to another state (state B), in which it can be replicated by the SVBRK cells, and by the permissive component of a heterokaryon; only about o'7 ~o of the cells in which the virus DNA is in state B are able to pass spontaneously into state C, in which late virus functions can be expressed, and infectious virus be produced. The transition from state B to state C can be brought about in all state B cells by fusion with permissive cells, possibly by the provision of cytoplasmic molecules present in all permissive cells at adequate levels, but present in adequate levels in only a small minority of rabbit cells. The transition from state A to state B could be, for example, a transition from integration of the virus genome to non-integration: it must be determined entirely by events occurring in the transformed cell before fusion. The transition from state B to state C cannot be explained by faulty excision resulting in the production of defective virus DNA, with occasional cells excising non-defective DNA, since 3 ~ of heterokaryons produced SV 4o, showing that 3 ~ of the SVBRK cells contained at least some non-defective virus DNA. On this model, transformed mouse cells, such as SV3T3, in which no virus DNA synthesis can be detected (Boyd & Butel, I972) , but which yield SV 4o virus in about 5 ~ of heterokaryons with permissive cells (Watkins, I97o) , would be assumed to undergo the transition from state A to state B, but to lack the machinery to replicate the state B DNA. Consequently the permissive component of a heterokaryon with SV3T3 cells must supply both the machinery for synthesizing virus DNA and for the transition from state B to state C.
Since the percentage of heterokaryons yielding SV 4o virus can be considerably increased if SV3T3 cells are incubated with 5-iodo-2'-deoxyuridine before fusion with permissive cells (Watkins, I97O) , while similar treatment of SVBRK cells before fusion has so far not led to an increase in the percentage of positive heterokaryons it may be that state A is different in the two cells, involving, for example, integration into sites differing in their base sequences. 
